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I. TINTRODUCTION

Electrothermal propulsion systems operating in the specific impulse range
from 300 s to 2000 s are likely to find application in such near-term missions

1,2 and in certain

as drag make-up and attitude control for space stations
types of orbital transfers.3’4 Electrothermal devices are attractive because
(1) they are relatively simple to construct and operate, (2) they can be used

with noncontaminating propellants, and (3) their I_,_ range is appropriate for

sp
the modest electrical power levels (below 100 kW) that will be available
during the next decade. Electrically augmented hydrazine resisto jets (ISp =
300 8, P ¥ 0.5 kW) are already performing station-keeping functions for a

2

number of geosynchronous communications satellites,“ representing the first

step in the transition to the widespread use of electric propulsion.

A hybrid electric chemical propulsion concept is proposed-here that 1s
potentially the next logical step beyond the hydrazine resistojet and that

spans the I range between high-performance liquid rockets (450 8) and

hydrogen eleztrothermal arcjets (~1000 s). The essence of this concept is to
deposit electrical energy into a pair of reactive propellants (HZ/OZ and HZ/FZ
are considered here) and to choose the fuel:oxidizer ratio so as to make an
optimized trade-off between the amount of electrical energy and the amount of
chemical energy being consumed. This choice depends on the size of the elec~
trical power source and on the mass of propellant available for a given
maneuver. A reduction in the initial vehicle mass at the expenée of a longer
trip time 18 achieved if relatively less oxidizer is used, reaching in the
upper ISp limit the case of pure hydrogen electrothermal propulsion. A
reduction in the trip time and a corresponding increase in the initial mass is
achieved if relatively more oxidizer is used, reaching in the lower Isp limit
the case of bipropellant chemical propulsion. This trade-off between mass
flow (or thrust) and Isp is common to every electric propulsion scheme.
However, the new facet that our analysis emphasizes is that chemical e¢nergy
can be added in a precise manner to improve the Ig, V8. thrust trade-off

P
beyond what is achievable using purely electrical means.




The concept of a thermally augmented H,/0, rocket engine recently was
given a careful analysis by Frisbee® from a perspective somewhat different
from that in the present work. The approach here is perhaps a more general
treatment of the problem than has been given previously and might be distin-

guished by being called a “chemically augmented electrothermal” propulsion
scheme,




I1. MODEL AND ASSUMPTIONS

A thermodynamic model of hybrid propulsion is used to calculate Isp as a

function of the electrical energy deposited per unit mass of propellant, AE/m.
The assumptions made here are that (1) there is adiabatic, constant pres-
sure combustion; (2) thermochemical equilibrium is achieved upstream of the
nozzle; (3) propellants are initially at room temperature, 298 K; and (4)
there is isentropic nozzle expansion to infinite Mach number with no further
chemical reactions in the nozzle. Some of the more important approximations
inherent in these assumptions are, respectively, (1) neglect of radiative heat
loss to the surroundings; (2) neglect of incomplete equilibration during the
residence time in the combustion chamber; (3) neglect of the enthalpy of
vaporization of cryogenic liquid propellants, if they are used; and (4)
neglect of incomplete molecular vibrational relaxation due to a less than
"perfect” nozzle expansion. The model provides a simple conceptual framework
with which to evaluate the potential benefits of hybrid propulsion. It will
be shown that by knowing Isp vs. AE/m one can optimize the performance of the
propulsion system to suit any set of mission constraints with a correct choice

of fuel:oxidizer ratio.

The route to I, vs. AE/m at a given fuel:oxidizer ratio consists of

P
first calculating the equilibrium temperature and chemical composition of the

combustion gases corresponding to a given AE/m. Then the I, can be computed

from the expression for the terminal velocity of a "perfect"pnozzle expan-
sion. At least two methods that rely on different thermocycles can be used to
relate AE/m to the equilibrium combustion temperature and chemical
composition. In what might be called a "forward” calculation, one chooses a
value for AE/m and energizes the reactants either by an increase in their
temperatures or by molecular dissociation at fixed temperature. Then a
constant pressure adiabatic flame calculation provides the final equilibrium
temperature and chemical composition. In the alternative "reverse" calcula-
tion, one first chooses a final temperature and determines corresponding equi-

l1ibrium chemical composition at a given fuel:oxidizer ratio. Then AE/m is




determined from the enthalpy change in going from products at the final
temperature to reactants at 298 K. The two methods give equivalent results,
but the forward method is used for nearly all of the data reported here
because of its greater ease of implementation with the existing Aerospace NEST
package of computer programs.6 Also, as a mathematical convenience, the ener-
gizing of the reactants is formally described as a dissociation of molecular

hydrogen into H atoms at 298 K.

The coupling of electrical energy to the propellants in an actual
thruster is of course a complex process that involves a combination of gas
heating, dissociation, and 1lonization. The present mathematical model does
not purport to describe the details of the energy coupling in an electro-
thermal thruster but rather to give a global description of the thermodynamics
of hybrid propulsion based solely on the four assumptions listed at the
outset. The calculation of the equilibrium combustion chamber conditions
corresponding to a given AE/m is done in terms of state functions (tempera-
ture, pressure, and chemical composition) that depend only on the initial and
final states of the system; thus, no physical significance is attached to the
arbitrary choice of the thermocycle that is used to calculate the final

equilibrium conditions that result from a given AE/m.

Based on the foregoing, a summary of the more important equations used in
this model can now be presented. The electrical energy deposited per unit

mass of propellant is given by
AE/m = N, Pe/m = n, AHf/m (1)

where the term nePe is the net electrical power going into the propellants.
It is convenient to cast AE/m in terms of a, the initial degree of disso-
ciation of the hydrogen, and p, the fuel:oxidizer mole ratio. For the Hz/o2

case they are defined as

a = ng/(n, + 25H2> (2)




p = (nH + 2nH2)/(2n02) (3)

from which it is possible to show that

ap AHf

P MH + MO

Analogous expressions apply to the HZ/FZ case. For a given value of p the

AE/m = (4)

range of AE/m is explored by varying &« from O to 1, which corresponds to an
upper limit of AE/m = 216 kJ/g in the case of pure H, propellant. For those
few instances where higher values of AE/m are of interest, the combustion
chamber conditions are determined with the "reverse"” calculation thermocycle
described earlier. The specific impulse 1s calculated on the basis of an
isentropic expansion to infinite Mach number with no further chemical
reactions in the nozzle. Thus all of the thermal enthalpy of the combustion
chamber gas mixture 1is converted to exhaust kinetic energy. The average

exhaust velocity is given by

- - 1/2
V=28 Isp (2 AHT/M) (5)
where AHT is the enthalpy change in going from combustion chamber gases at
temperature T to the same gas mixture at O K. The formula for Isp is then
given by
: 1/2
I (s) = @203 s/nt/? 3 A8H,(kJ/mol)
°P (9.8067 w/s2) (1072 kg/g) /2 M (g/mol)
AHT(kJ/mole) 1/2
= 166221 (Srreery—) (6)

The thermal enthalpy AHT and the system average mole weight M are available




from the adiabatic flame calculation. The calculations are run with pure H2
and with fuel:oxidizer mole ratios of 49:1, 19:1, and 9:1. In terms of the
traditional weight ratio of oxidizer to fuel, the data correspond to 0.00,
0.39, 1.00, and 2.11 for HZ/FZ’ and to 0.00, 0.33, 0.84, and 1.78 for H2/02°

All of the results presented here are for a combustion chamber pressure of

1000 Torr.

10




III. RESULTS

The calculated Isp curves for the various fuel:oxidizer mole ratios are
shown in Figs. 1 and 2 as functions of AE/m. These curves give the key
results of the analysis and enable one to select the fuel:oxidizer ratio that
makes the best use of the available chemical and electrical energy for a given
set of mission constraints. The most favorable trade-off between thrust and
specific impulse is always achieved by running with the fuel:oxidizer ratio
that maximizes I__ at a given AE/m. To demonstrate this claim it will help to

sp
look at the relationship between thrust and specific impulse,

F=mg Lep = e Pe & Iy /(2E/m) (7)
This equation is used to construct Fig. 3, which shows Isp as a function of
the thrust per unit of electrical power, F/nePe, in the case of H,/0, with the
four different fuel:oxidizer ratios. Also shown on the same graph are several
lines emanating from the origin for which AE/m is a constant. If, in accor-
dance with the rule stated above, the fuel:oxidizer ratio is chosen so as to

maximize I_., for a given AE/m, then Eq. (7) and Fig. 3 show that F is also

s
maximized. pThus, for high values of AE/m (> 30 kJ/g) with associated Isp
values greater than 850 s, the most favorable trade-—off is always achieved

with pure Hj propellant. As Isp decreases it becomes beneficial to add pro-
gressively greater quantities of oxidizer until the limiting case of conven-

tional chemical propulsion is reached at an ISp of around 450 s. The combus—~
tion chamber temperatures along this optimum curve are in the range of 2000 K
to 2700 K for Isp values between 500 s and 950 s; the range extends up to 4600
K at an Isp of 1400 s with pure H, propellant. Figures 1l and 2 can be applied
to mission modeling by 1lunvoking a typical set of constraints and using the

curves to derive Isp- AE/m, and p. Examples of this procedure will be given

in the next section. A comparison of Figs. 1 and 2 reveals that Hy/0, and
Hy/Fy exhibit very similar performance curves, but that the Hp/0, case
performs slightly better in the present calculations. In a practical system

Fp 18 an undesirable choice because of material compatibility problems.

11
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The foregoing results serve to map out the region of applicability of the
hybrid electric chemical propulsion scheme based on a conceptually simple but
rather idealized thermodynamic model. This model does not account for certain
non-ideal modes of behavior that may be exhibited by real electrothermal
thrusters. Radiative heat loss to the surroundings can be treated by insert-
ing an appropriate value of ne, but no attempt is made here to predict ne for
individual thruster designs. A value of n_ in the range of 0.4 to 0.9 is
typical for arcjets and resistojets.3’7’8 Perhaps the most serious limitation
of this model is the neglect of chemical kinetic effects that may prevent the
attainment of equilibrium during the residence time in the combustion
chamber. Although a complete kinetic model of hybrid propulsion is beyond the
scope of this paper, a rough estimate can be made of the minimum pressure
required for equilibration. The slowest process in the chemical systems we
have described is the termolecular recombination of H atoms, H + H + M » H2 +

M, where M is primarily H or H). The rate coefficientg

is in the range ky =
109 - 1010 12 36172 5~1 petween 300 K and 5000 K. The reaction half~life is

given by
~ 2,-1
ty o = U [HIY) (®)

where [H]; is the initial H atom concentration. In the present case, with a
pressure of 1000 Torr, the half-life is around 10 us at 2700 K. This should

be quite sufficient to allow equilibration in a resistojet where the residence
time is expected to be 100 us or greater. For an arcjet, however, the residence
time could be as short as 10 us (depending on the electrode geometry), so that
pressures somewhat higher than 1000 Torr are required if nonequilibrium

effects are to be minimized. In those cases where oxidizer is added to the

H/Hz fuel, the kinetic restrictions imposed by H atom recombination should be
relaxed to some extent, because a portion of the available exothermicity is

released by fast bimolecular reactions.

The thrust efficiency for hybrid propulsion must be detined carefully to
account for the fact that two energy sources (electrical plus chemical) are
present. The efficiency for transferring electrical energy into propellant

thermal enthalpy ne has been introduced already. The value of n, is governed

15




by the mechanism used to energize the propellant gases, be it resistive
heating, dc discharge, radio frequency, or microwave. Hence the electrical
efficiency ne is common to all electrothermal propulsion devices. A more
interesting quantity from the standpoint of comparing hybrid propulsion with
other electrothermal schemes is the gasdynamic efficiency ngas’ which is
defined here as the efficiency for transferring combustion chamber thermal
enthalpy into exhaust kinetic energy. This term is given by
B /M  XCRINL

n__ = = b (9)

gas (AE/m) + (8H/m)  (4E/m) + (AH/m)

where AH/m is the enthalpy change per unit mass of the unreacted propellant

gases in going from O K to 298.15 K. Thus AH/m is the initial enthalpy per

unit mass of the propellants before reaction or electrical excitation. With
these definitions one can write down the equation that relates thrust,

specific impulse, and electrical power,

1 _ [
7FEl =N [nepe + m(dH/m) ] (10)

In the case of pure hydrogen propellant, n is equal to 1 at low Isp’ but it

gas
drops below unity at high Isp when a significant fraction of the Hy is disso-

ciated. This is because our assumption of a frozen-flow expansion means that
not all of the combustion chamber enthalpy can be converted into exhaust

kinetic energy. This effect is shown in Fig. 4, which plots n for

gas VSe ISp
pure hydrogen electrothermal propulsion and for hybrid electric chemical pro-
pulsion. The curve goes through a minimum at around 1400 s and begins to rise
again when nearly all of the H, has been dissociated and further increments

in AE/m go into heating H atoms. Similar plots for H, as well as for other
pure gases have been published by Jahn.” The "gas curve for HZ/OZ hybrid pro-
pulsion is constructed by using Fig. 1 to select the optimum fuel:oxidizer

sp* The hybrid ngas

around 850 s and rises to much higher values as the amount of available chemi-

ratio at each I curve splits from the pure Hp curve at

cal energy increases.

16
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IV. APPLICATIONS

The first design example is one in which hybrid electric chemical pro-
pulsion is applied to orbital transfer. We consider the case of a LEO *+ GEOQ
one-way transfer with a final mass of m¢ = 10,000 kg and a power level
of nePe= 50 kW. Subtracting the estimated masses3 of a nuclear power source,
the propulsion system, and the tankage leaves a payload mass in the range mpay
= 4000 to 5000 kg. The velocity increment for LEO* GEO with a 28.5 degree in-
clination change is Av = 6000 m/s in the low~thrust, continuous-burn case.3
Figure 5 shows the results of the design calculation for a range of initial

masses. The rocket equation
ISP = AV/[g ln(mi/mf)] (11)

is used to calculate Isp' from which AE/m and the Hy:0, ratio follow from Fig.
1, and the trip time, At, comes from
A = - =

t (mi mf)/m (m

" mf)(AE/m)/nePe (12)

Trip time at constant power (50 kW) increases sharply from 76 days at I, =

P
850 s to 360 days at I = 1500 s, corresponding to the range over which the
efficiency n

sp

for pure H2 is decreasing. For still higher Is the trip time

gas P
actually decreases as the efficiency ngas begins to rise, as is indicated in

Figure 4. The hybrid H2/02 curve becomes more favorable than the pure Hy
curve for Isp less than 850 s. Hybrid propulsion offers a significant reduc-
tion in trip time (or initial mass) over the pure H) case in the range of I

down to around 500 s, where it converges on HZ/OZ chemical propulsion. It °
also adds versatility by being able to tune the performance of the propulsion
system over an appreciable range of ISp to match the requirements of the
mission. The LEQO * GEO transfer was selected for this design calculation
because of its central importance for space systems. A power level of 50 kW
is probably at the lower limit of the range for which electric propulsion is

practical for this particular transfer.

19
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Until large space power sources become available, applications for hybrid
propulsion will be found in auxiliary propulsion, namely drag make-up, sta-
tion-keeping, and attitude control. A particularly interesting example would
be the case of a manned space station, where the Hy and 0, propellants could
be derived from an OTV HZ/OZ propellant tank farm or from electrolysis of H,0

LY design example is

and might be integrated with the life-support system.
given in which hybrid propulsion is applied to a continuous—duty one-newton
thruster such as would be used for drag make—up at LEO. Figure 6 shows the
trade—off between mass flow rate and electrical power for the pure Hy and
hybrid H2/02 cases. If NP~ 1 kW then the hybrid thruster uses 15.4 kg/day
of propellant, which represents a 287% savings in propellant flow rate over
that of the corresponding thruster that runs on pure Hy. 1f nePe is greater
than 4 kW, then it is no longer beneficial to add oxidizer. For comparison, a
conventional hydrazine monopropellant thruster operating at an ISp of 230 s

requires 38.3 kg/day of fuel to perform this mission.
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V. CONCLUSION

A hybrid propulsion concept has been described that extends hydrogen
electrothermal propulsion by the addition of oxidi{zer to the propellant

flow. Thermodynamic model calculations have been used to predict Ig s a

a
P
function of the electrical energy deposited per unit mass of propellant. The
added degree of freedom provided by the choice of the fuel:oxidizer ratio

permits an optimum I, vs. thrust trade-off to be achieved for any set of

operating constraints? Specifically, the Isp and thrust can be simultaneously
maximized at any electrical power level and mass flow rate by the correct
choice of fuel:oxidizer ratio. Hybrid propulsion represents a significant
improvement in performance and versatility in the Isp range up to 850 s when
compared with conventional Hy electrothermal propulsion. Despite the limita-
tions of the model, we feel that the present results show that the hybrid
electric chemical concept is potentially a very useful one that deserves

further exploration.
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AE/m

AH/m

NOMENCLATURE

electrical energy deposited per unit mass of propellant, kJ/g
thrust, N

9.8067 m/s’

standard enthalpy of formation of H atoms at 298.15 K, kJ/mol
thermal enthalpy of the combustion chamber gas mixture, kJ/mol
initial propellant enthalpy per unit mass, kl/g

specific impulse, s

system average mole weight, g/mol

1.00797 g/mol

15.9994 g/mol

mass flow rate, g/s

final vehicle mass, kg

initial vehicle mass, kg

molar flow rate of substance x, mol/s

electrical power, kW

temperature, K

trip time, s

average exhaust velocity, m/s

velocity increment, m/s

fraction of dissociation

electrical efficiency

gasdynamic efficiency

fuel:oxidizer mole ratio
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LABORATORY OPERATIONS

The Aerospace Corporation functions as an “architect-engineer” for
national security projects, specializing in advanced military space systems.
Providing research support, the corporation's Laboratory Operations conduacts
experimental and theoretical investigations that focus on the application of
scientific and technical advances to such systems. Vital to the success of
these investigations is the technical staff's wide-ranging expertise and its
ability to stay current with new developments. This expertise is enhanced by
a research program aimed at dealing with the many problems associated with
rapidly evolving space systems. Contributing their capabilities to the
research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reeantry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, environmental chemistry, trace detection;
spacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas kinetics and radiation; cw and
pulsed chemical and excimer laser development including chemical kinetics,

spectroscopy, optical resonators, beam control, atmospheric propagation, laser
effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactiouns,
atmospheric optics, light scattering, state-specific chemical reactions and
radiative signatures of missile plumes, sensor out-of -field-of -view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
physics, battery electrochemistry, space vacuum and radiation effects on
materials, lubrication and surface phenomena, thermionic emission, photo-
sensitive materials and detectors, atomic frequency standards, and
environmental chemistry.

Computer Science Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro-
electronics applications, communication protocols, and computer security.

Electronics Research Laboratory: Microelectronics, solid-state device
physics, compound semiconductors, radiation hardening; electro—optics, quantum
electronics, solid-state lasers, optical propagation and communications;
microwave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave thermionic devices;
atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenomena, space communication systems.

Materials Sciences Laboratory: Development of new materials: metals,
alloys, ceramics, polymers and their composites, and new forms of carboan; non-
destructive evaluation, component failure analysis and reliability; fracture
mechanics and stress corrosion; analysis and evaluation of matertfals at
cryogenic and elevated temperatures as well as in space and enemy—-induced
environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray
physics, wave-particle interactions, magnetospheric plasma waves; atmospheric
and fonospheric physics, density and composition of the upper atmosphere,
remote sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atwosphere, ionosphere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space
instrumentation.
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